Found on the southernmost edge of the species' natural distribution, North Iberian Atlantic salmon populations are extremely vulnerable to environmental change. In the last few decades, associated with global indicators of climate change, these populations have been experiencing a sharp decline. Efforts have been made to address their decline, principally through stocking, supportive breeding and habitat restoration (enabling accessibility to upstream spawning sites). The efficiency of each of these measures has been different. In this study, focused on the river Sella containing one of the largest Spanish populations as a case study, we demonstrate that accessibility and habitat improvement have been the most efficient measures for increasing population size. Supportive breeding accounts for some level of population increase, but generally lower than 10%. Finally, our review suggests that stocking should be discarded as a restoration method because it encompasses threats to natural variation of Atlantic salmon and also the sympatric brown trout.
INTRODUCTION
The Atlantic salmon is an anadromous species sensitive to climate change (e.g. Friedland et al., 2009; Valiente et al., 2010) and to anthropogenic alterations of freshwater habitats (García de Leaniz et al., 1992) . The species as a whole has experienced a substantial decline in the last decades, particularly at the southern part of its natural distribution (Parrish et al., 1998; Perez et al., 2005) . The species has been a component of the human diet since the Palaeolithic (e.g. Adán et al., 2009) . Today there is enormous economic interest in the species, including the importance of farmed salmon to world fin-fish production. Healthy natural populations is the main objective of conservation and restoration in the Northern Hemisphere (i.e. Gephard and McMenemy, 2004) .
Preventing declines in population size is crucial for species conservation in order to avoid losses of genetic diversity due to inbreeding and genetic drift. Different restoration measures have been implemented in Atlantic salmon populations. Historically, stocking has been one of the most widely employed. The efficiency of this measure has been questioned, principally based on potential disruption of local adaptation of native populations (Vázquez et al., 1993; Moran et al., 2005) . Supportive breeding based on artificial spawning of native adults has also been employed for enhancing many natural populations (Ryman and Laikre, 1991; Blanchet et al., 2008) . The main problem reported for this practice is usually related to losses of genetic variation of supportive stocks due to reduced number of breeders (e.g. Verspoor, 1997; Horreo et al., 2008) .
Other resources for population enhancement or restoring are related to the recovery of lost spawning areas. Measures aimed at expanding accessible habitat may be more ecologically sound than acting directly on population composition through stocking or supportive breeding. When population declines are due to habitat reduction, for example impassable dams that block the access to upstream spawning areas, facilities enabling connectivity along the river (ladders, elevators) allow upstream accessibility for breeders and subsequent spontaneous population recovery (Budy and Schaller, 2007; Garcia de Leaniz, 2008) .
At the south of the European distribution of the species, northern Spanish rivers (43º N latitude) support small but stable Atlantic salmon populations that exhibit a pattern of genetic population structuring consistent with the metapopulation model with some gene flow occurring between neighbouring rivers (Moran et al., 2005; Ayllon et al., 2006) . They have been managed by stocking, supportive breeding and in some cases recovering access to spawning areas previously lost by different human activities, generally construction of hydroelectric facilities. The aim of this work was to examine the effect of different management actions on those populations in order to determine the best strategy for conservation of natural Atlantic salmon populations in northern Spain. We have chosen the River Sella as a representative system in the region in which to undertake this comparison.
MATERIAL AND METHODS

> CASE STUDY
We focused on the River Sella (68 km length now accessible for migratory fish) as a case study (Figure 1 ). This river supports one of the largest Atlantic salmon populations in Spain, yielding a number of sport catches that were, in some years, higher than 1000 (Figure 2 ). For the last three years the salmon catch in this river has experienced a sharp decline, much greater than the reductions in catch that occurred in the period 1989 and 1997. Besides the main stem of the river, the drainage contains five main tributaries accessible for salmon, the rivers Zardón, Piloña, Gueña, Dobra and Ponga (Figure 1 ).
Figure 1
Location of the sampled River Sella in south Europe. Tributaries of the river: Localisation de la rivière Sella échantillonnée dans le sud de l'Europe. Les affluents de la rivière : 1-Zardón, 2-Piloña, 3-Guéna, 4-Dobra, 5-6-Ponga et Alto Sella (points gris sont les points échantillonnés). Les éllipses délimitent des unités de structure génétique (K = 3). La double barre grise en aval du point 6 (Alto Sella) indique un barrage hydro-électrique et la passe à poissons (« La Tejera »).
Figure 2
Sport catch (number of individuals legally caught), foreign stocking and autochthonous supportive breeding (thousands of alevins released into the river) in the River Sella Atlantic salmon population for the last 27 years. 
> RESTORATION MEASURES
Foreign stocking
During the second half of the 20th century, hatchery-origin Atlantic salmon eggs were imported from different countries, and up until 1992, juveniles were released into the rivers of the region. Stocking effort varied depending on years and rivers; in the River Sella the maximum was 145 000 juveniles in 1988 (Figure 2) . In total 368 500, 212 600, 63 500 and 42 500 juveniles from Scotland, Ireland, Iceland and Norway respectively were released into the River Sella from 1981 to 1992.
Autochthonous supportive breeding
Since 1992, adults returning to the river Sella have been randomly caught for artificial spawning for supportive breeding every year. The ova of each female are artificially fertilized with the sperm of two or three males and some months afterwards (six to eight), juveniles are released into the River Sella. In total, 4 550 000 juveniles of autochthonous origin were supplemented to the river Sella between 1993 and 2006.
Restoration of habitat connectivity
The upstream section of the River Sella was blocked by an old hydroelectric facility constructed during the early 20th century (in 1928) . It was made accessible to migratory fish by a fish ladder ("Escala Tejera") built in 1995 and made fully functional two years later. The upstream area of the river made accessible to Atlantic salmon by the construction of "Escala Tejera" was approximately 65 km 2 .
> SAMPLING
Upstream River Sella (upstream the "Escala Tejera" ladder constructed in 1995; sampling point Alto Sella in Figure 1 ) was sampled before the construction of the ladder (1994). It was sampled again in 2003 and in 2008. All Salmonids present in approx. 1000 m 2 upstream the ladder were caught by electrofishing and tissue (adipose fin clips) obtained for genetic analysis: speciesspecific markers for determining the species in small individuals of ambiguous phenotype, and microsatellite loci in Atlantic salmon. In 2007 (n = 190) and 2008 (n = 105) Atlantic salmon juveniles were sampled by electrofishing from six more locations within the River Sella drainage (Zardón Piloña, Gueña, Dobra, Ponga and Alto Sella; Figure 1 ) and analyzed for species-specific markers and microsatellite loci. We include data of samples obtained before stocking (before 1985) that were reported in previous publications Castillo et al., 2008) . For estimating the success of supportive breeding practices, adults returning to the river in 2007, 2008 and 2009 at ages 1.1, 2.1-1.2 and 2.2 respectively (the first and second number represent the number of years in freshwater and at sea respectively, as determined from scales following Bagliniere et al., 1986) were analyzed for microsatellites and those issued from the supportive stock were identified by pedigree analysis. Adults were sampled from sport catches. Scales were provided by anglers and employed as DNA source.
> GENETIC ANALYSIS
Microsatellite loci
Eight microsatellite loci were analyzed: Ssa197, Ssa202 (O'Reilly et al., 1996) , SSsp1605, SSsp2210 and SSspG7 (Paterson et al., 2004) , SSOSL417, SSOSL311 and SSOSL85 (Slettan et al., 1995) . Microsatellite PCR amplifications were performed in a total volume of 20 µL containing about 50 ng of extracted Atlantic salmon DNA, 10 nM Tris-HCl pH 8.8, 2.5 mM MgCl 2 , 50 mM KCl, 0.1% Triton x-100, 0.35 µM of fluorescently labeled primers, 0.5 Units of DNA Taq Polymerase (Promega) and 250 µM of each dNTP. PCR products size determination was performed using an ABI 3100 automatic DNA Sequencer and the GENEMAPPER V.3.5 (Applied Biosystems) software at the DNA Sequencing Unit of the University of Oviedo.
Detection of interspecific hybridization
Four nuclear species-specific markers were employed for detecting hybridization and introgression. F 1 hybrids exhibited variants from the two species (Atlantic salmon and brown trout) at the four loci. Post-F 1 (introgressed) individuals presented variants from one pure species (Salmo salar or S. trutta) at least at one marker, and at least one variant typical of the other species at least one other marker (generally at only one marker). The four markers employed were: 5S rDNA genes (Pendas et al., 1995) , Histone-3 coding genes (Perez et al., 1999) , transferrin gene (Lee et al., 1998) and the microsatellite locus BFRO 002 (Sušnik et al., 1997) . Details about primers and PCR protocols are in Izquierdo et al. (2006) . Differences between species at the four loci were detected by PCR-fragment size determination. Labeled primers were employed in the PCR reaction mixture for determining fragment sizes as the microsatellite loci.
> STATISTICAL ANALYSIS
MICROCHECKER software (Van Oosterhout et al., 2004) was employed to detect possible errors in the microsatellite data as scoring errors, large allele dropout and null alleles. Linkage disequilibrium tests and conformity of genotypes with Hardy-Weinberg equilibrium exact p-values were estimated employing the GENEPOP program (Raymond and Rousset, 1995) with the Markov chain method (10 000 dememorization steps, 10 000 batches, 10 000 iterations per batch). Pedigree analyses were performed with the program CERVUS v2.0 (Marshall, 1998) using 10 000 cycles, for identifying adult individuals issued from supportive breeding based on microsatellite genotypes. The level of confidence chosen was 95%. Theta (directly proportional to N e : Θ = 4N e µ; N e , effective size; µ, mutation rate) and M (M = m/µ; m, immigration rate; µ, mutation rate) values with their correspondent 0.05 and 0.95 percentiles were calculated with the program MIGRATE 2.4.2 (Beerli, 2004) , which estimates N e based on coalescent theory (Beerli and Felsenstein, 2001) , relaxing the assumptions of Wright (1951) as in Whitlock and McCauley (1999) . Program settings were: three runs with Brownian motion approximation, 10 short chains (1000 recorded steps with increment of 20) and three long chains (10 000 recorded steps with the same increment) with adaptive heating scheme (four heated chains and an interval of one between swapping trees) to ensure that run results do not reflect local likelihood peaks. For estimating N e from Theta, a microsatellite mutation rate of 0.001 was employed (Fraser et al., 2007) . The ARLEQUIN program (Schneider et al., 2000) was employed for estimating the F ST statistical significance values between sample pairs with 100 permutations for significance and 10 000 steps in Markov chain. The same program was also employed for estimating temporal stability of the population, comparing 2007 and 2008 samples with a molecular analysis of variance (AMOVA) using 10 000 permutations. The program STRUCTURE 2.2 (Pritchard et al., 2000) was employed for examining the population structuring of River Sella Atlantic salmon with the following parameter set: length of Burn-in Period: 10 000; Number of MCMC Reps after Burn-in: 10 000; 10 runs for each K). Levels of significance for multiple tests were determined using sequential Bonferroni adjustments (Rice, 1989) whenever pertinent.
RESULTS
Verification of microsatellite data before analysis showed no evidence of linkage disequilibrium generated by physical linkage of pairs of loci within the data set. Genotype frequencies at individual microsatellite loci were in conformity with Hardy-Weinberg equilibrium in most cases (42 out of 48) after sequential Bonferroni correction for multiple tests, except in the case of the River Dobra, where deviations were caused by heterozygote excess. Variability at the eight microsatellite loci analyzed was relatively high in all salmon samples from the six areas sampled with a total of 128 alleles detected (Table I) .
> PRESENT POPULATION STRUCTURE OF RIVER SELLA ATLANTIC SALMON
The AMOVA did not reveal temporal variation of juveniles sampled in the river in 2007 and 2008 but was significant for variation among locations (F CT = -0.002, p-value = 0.220 for variation between years; F SC = 0.030, p-value < 0.001 among locations), therefore the population structure could be considered stable. The results of the two years were therefore pooled by location for subsequent analysis. F ST values between sample pairs and their corresponding p-values (Table II) showed that Atlantic salmon individuals inhabiting different areas (tributaries) of the River Sella exhibited significant differences, all the pairwise comparisons being statistically significant (p-values < 0.05). These differences are reflected in a structure at drainage level consistent with three genetic units (Table III) . Some mixture occurs along the (Figure 1 ; circles delimit STRUCTURE genetic units).
> EFFECT OF FOREIGN STOCKING
The effect of foreign stocking can be measured by determining the level of introgression of foreign genomes into the local Atlantic salmon population. This introgression was measured as the proportion of individuals of foreign origin detected in River Sella adults sampled in the years 1990, 1992 and 1996 and previously reported by Moran et al. (1998 Moran et al. ( , 2005 and Ayllon et al. (2006) respectively, with relatively high levels of introgression being found in the three years (16.2, 2 and 8.3%, respectively). Interspecific hybridization and introgression(post-F1 hybridization) between salmon and brown trout in the River Sella before, during and after the peak of foreign stocking (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) , were (Pritchard et al., 2000) detected in this work by species-specific molecular markers (Figure 3 ). Before the peak of foreign stocking, no hybridization and introgression were detected. During foreign stocking, a high proportion of F 1 hybrids were detected. Finally, the proportion of F 1 decreased but post-F 1 frequency increased ten to 15 years after cessation of stocking. It was detected thanks to the four nuclear species-specific markers employed for detecting hybridization and introgression. Post-F 1 individuals presented variants from one pure species at least at one marker, and at least one variant typical of the other species at least one other marker.
> EFFECT OF AUTOCHTHONOUS SUPPORTIVE BREEDING
To quantify the success of autochthonous supportive breeding, pedigree tests were carried out with the breeders of the River Sella hatchery stock (year 2005) as putative parents of the sport catches (adults) in the same river in the years 2007, 2008 and 2009 . The percentage of individuals identified as descendents of the hatchery breeders ranged between 4 and 8% (Table IV) per year, representing 4.2% of the total catch along the three years.
> EFFECT OF THE FISH LADDER "ESCALA TEJERA"
The effect of restoring connectivity by constructing the "Escala Tejera" allowed natural recolonisation of Atlantic salmon in the River Sella upstream of the hydroelectric facility. Electrofishing population censuses of brown trout and Atlantic salmon in the area upstream of the old barrier (Figure 4 ) revealed that within eight years following the restoration of connectivity, Atlantic salmon were present. Only five years later, Atlantic salmon were more abundant than brown trout in that river section. Theta and M values (indicators of effective population size and migration, respectively), with their corresponding 0.05 and 0.95 percentiles were calculated for the Atlantic salmon
Figure 3
Interspecific hybridization (F1 hybrids) and introgression (post-F1 hybrids), in percent (Y-axe), occurred in the River Sella before (before 1985), during (1985-1992) and after (2003) (2004) (2005) (2006) (2007) (2008) ) the peak of foreign stocking (X-axe), detected by species-specific molecular markers. The total number of individuals analyzed each period of time for species-specific markers is marked above the graph. 
DISCUSSION
After 30 years of intense management, including the introduction of large numbers of fish from outside Spain, the River Sella Atlantic salmon population exhibits a relatively high level of 
Figure 4
Spontaneous recovery of upstream River Sella Atlantic salmon population after restoring connectivity. Electrofishing census of 500 m 2 upstream section before, during and after the elimination of the ladder "Escala la Tejera". BT, brown trout; AS, Atlantic salmon. genetic variability and seems to be in genetic equilibrium. The different areas of the river appear to contain distinct sub-populations (significant F ST values), with migration between them (M values) but exhibiting significant spatial population structuring, which is temporally stable and comprising at least two well differentiated units (upstream and downstream) and a mixture in the rest of the drainage. This differs somewhat with the suggestion of the existence of a metapopulation linking neighbouring rivers in this region proposed by Ayllon et al. (2006) and Kuparinen et al. (2010) , revealing for the first time the occurrence of fine population structuring at the within river level in northern Spain, as has been described for Atlantic salmon at other latitudes (Ståhl, 1983; Heggberget et al., 1986; Verspoor and Jordan, 1989; Hurrell and Price, 1993; Garant et al., 2000; Spidle et al., 2003; Vähä et al., 2007; Primmer et al., 2006; Dillane et al., 2008) . As already proposed by other authors (Garcia-Vazquez et al., 1991; Vespoor, 1997 ) stocking with foreign fish should be discarded as a method for restoration and enhancement of this Atlantic salmon population. Amongst other adverse effects, it encompasses introgression of foreign genomes into the wild genome of the autochthonous populations (Moran et al., 1998 (Moran et al., , 2005 Ayllon et al., 2006) , which can endanger local adaptations (Moran et al., 2005) . Such introgression not only affects local native Atlantic salmon populations but also other native species, like brown trout (Castillo et al., 2008) . The data presented here for the River Sella show both these negative effects occurring (Figure 3 ). Supportive breeding seems to be a better method for population enhancement because introgression of foreign genomes is not a risk. However, if few breeders are available and crosses are not carefully planned, genetic variability can be altered and the offspring released into the river may suffer from genetic variation losses (Machado-Schiaffino et al., 2007; Horreo et al., 2008) . Depending on the success of such juveniles with reduced variation, the genetic variability of the total population could be also affected and consequently local adaptation endangered (Moran et al., 2005) . In the River Sella, where genetic variability reduction had been reported for supportive stocks (Horreo et al., 2008) , the success of the supportive breeding for contributing to the increase of the number of adults was relatively low (4.2%) if compared with that of foreign stocking (ranged between 2-16.2%; see section 3.2), and therefore it does not seem to be a high risk for the genetic pattern of this particular population. Concerning the efficiency of supportive breeding measures for this river, as stated above in the years considered (2007) (2008) (2009) ) the increase of catches was relatively modest. Restoration of connectivity along the drainage seems to be the best method for restoration and enhancement of Atlantic salmon populations. After eliminating the barrier that impeded accessibility to upstream River Sella areas, Atlantic salmon re-colonized spontaneously those upstream areas and became the most abundant species there in a few years (Figure 4 ). This could be also due to a reduction in brown trout population. Population size estimates suggest that this recovered spawning habitat yields the largest part of the total effective River Sella Atlantic salmon population size. The new colonized upstream zone exhibits very good spawning habitats, as in most rivers, and is now the largest subpopulation of the River Sella. Higher migration from the upstream zone to other river areas than vice-versa suggests that the Alto Sella subpopulation supports the other subpopulations inhabiting the rest of the river, and emphasizes the value of habitat restoration for population conservation. This study helps us to assess the capacity of the different types of management implemented in north Spain to enhance and restore Atlantic salmon populations during the last decades. During recent years, supportive breeding has been the most widely practiced management strategy, but it does not seem to have been very effective for real enhancement of these populations. Restoring connectivity along the river and consequently making spawning areas previously closed to Atlantic salmon accessible seems the most successful management action for the restoration and enhancement of endangered populations. Conserving adequate habitat conditions for natural reproduction of Atlantic salmon is therefore necessary and should be a priority for managers. It does not encompass any risk associated to stocking and seems to be more effective than supportive breeding. Stocking should be used only for extreme cases in which total extinction of natural populations has occurred and imports from other regions are necessary.
